Abstract. Characterizations of the pedestal parameter dynamics throughout the edge localized modes(ELM) cycles are performed on the National Spherical Torus Experiment (NSTX, [M. Ono et al., Nucl. Fusion 40, 557 (2000)]). A clear buildup of the pedestal height is observed between ELMs for three different plasma currents, which tends to saturate prior to the onset of ELM at low and medium plasma current. Similarly, the pedestal width increases with no clear evidence of saturation during an ELM cycle. The maximum pedestal gradient increases as a function of plasma current, reaches a nominal value after the ELM crash, and remains constant until the end of the ELM cycle. The pedestal height just prior to the onset of ELM is shown to increase quadratically with plasma current. The pedestal width ∆ is proportional to the square-root of the poloidal β at the top of the pedestal. Coherent density fluctuations strongly increasing at the plasma edge are observed to be maximum after the ELM crash and to decay during the rest of the ELM cycle. Finally, the pedestal parameters evolution during the ELM cycle as well as the scaling with Ip of the pedestal pressure prior to the onset ELM are found to be qualitatively consistent with the peeling ballooning theory.
Introduction
A successful operation of fusion reactors such as ITER [1] will require establishing a sufficiently high pressure at the top of the pedestal (referred to as pedestal height) during H-mode discharges. This is mainly due to the coupling between pedestal pressure and core fusion power. In addition, edge localized mode-(ELM)-induced energy loss must be restricted to less than 1% reductions of the pedestal stored energy in ITER to meet the heat load requirements on the plasma-facing-components (PFC) [2] . A defining feature of the H-mode is the existence, near the plasma boundary, of a transport barrier generating an H-mode pedestal. This pedestal can be quite narrow in width and is interpreted as the interface between two regions during high confinement(H-mode): the core plasma and the scrape-off-layer(SOL). These two regions are governed by different physical mechanisms inherent in the wide range of spatial and temporal scales and also in the presence of sources and sinks of particles.
A large pedestal pressure has been found to improve the energy confinement, as seen in DIIID [3] and JT-60U [4] . Predictions of the pedestal pressure required for a ratio of auxiliary heating to thermal power (i.e., Q) of 10 such as ITER is challenging without an accurate model of the edge pedestal and of its self-consistent coupling to the core plasma. Significant efforts have been undertaken in simulations using the multi-mode (MM), Weiland, IFS/PPPL, and GLF23 theory-based transport models (see Ref. [5] and references therein), which showed that the pedestal ion temperatures (T projections [6] . From the experimental point of view, significant research from multiple tokamaks looking into pedestal parameter scalings with plasma parameters are currently being undertaken and the current status and results of these experiments have been summarized in a review article [7] .
It is well known that in ELMy H-mode, the core confinement and stored energy increase as the pedestal pressure and its gradient rise until a threshold, and therefore an upper-limit, is reached. This limiting threshold appears to be controlled by combinations of Magneto Hydrodynamic Dynamics (MHD) instabilities and transport physics. While there is no accepted transport mechanism explaining the residual electron heat transport in the pedestal, linear MHD through the peeling-ballooning Dynamical Evolution of Pedestal Parameters in NSTX 3 theory, however, provides a good description to the upper limit on the pedestal pressure.
The peeling-ballooning theory describes instabilities driven by both pressure and edge current gradients [8] . Based on this theory, the onset of an ELM is driven by a critical pressure gradient (∇p crit ) at a given pedestal width, which in turn peaks the bootstrap current. Making the assumption that the maximum pedestal pressure (resulting in an upper-limit) can be written in terms of the pedestal width ∆ p and critical pressure gradient as ∆ p * ∇p crit , one can argue that one aspect of the peeling ballooning theory effectively provides the maximum pedestal height which is more accurately quantifiable than ∇p crit prior to the onset of ELM. The other aspect of the peeling-ballooning theory is related to the edge current gradient. In addition to the local parameters (e.g., ∇p crit ), the peeling-balloning theory is sensitive to the radial extent of the associated modes, and the overall size of the pedestal. The upper limit of the pedestal pressure is thought to be reached just prior to the onset of an ELM. Once an ELM is triggered, filamentary bursts [9] of energy and particles are transported from the vicinity of the pedestal to the SOL thereby relaxing the pedestal pressure and edge current gradients to a stable regime. We refer to pedestal height as the total thermal (ion and electrons)pressure at the top of the pedestal (P ped ).
Recent DIIID [10, 11] results from a model study based on the peeling-ballooning theory showed that the pedestal width scales with the pedestal poloidal beta β ped θ = 2µ 0 P ped /B 2 θ . Here B θ = µ o I p /L p is the averaged poloidal magnetic field at the pedestal top and L p the circumference of the last closed flux surface. In the experiments testing the model, the pedestal width was approximated as (∆ ne +∆ T e )/2, where ∆ ne and ∆ T e represent electron density and temperature widths, respectively. ASDEX Upgrade [12] , on the other hand, found that ∆ ne is independent of β The H-mode pedestal in National Spherical Torus Experiment (NSTX) was first described in the work of Maingi and co-workers [15] . In that work, analysis of the pressure profiles in NSTX showed that the pedestal stored energy represents between 25% and 33% of the total plasma stored energy. Furthermore, the pedestal stored energy was found to agree with the multi-machine scaling relation reported in Cordey [16] . In NSTX, multiple intrinsic ELMs ranging from large to small have routinely been observed [15] . The size of ELMs is typically given as the ratio of ejected stored energy to either the pedestal or the total stored energy. Giant type I ELMs can eject up to 30% of the stored energy. Small ELMs (type V see Ref. [17] ), however, have less than 1% effects on the total stored energy making them difficult to measure via equilibrium reconstructions.
All the previously quoted research on NSTX was performed with boronized carbon PFCs. Recently lithiumization was introduced as a wall conditioning technique.
Lithium evaporations on part of the PFC walls have resulted in reductions in the frequency and amplitude of ELMs [18] , including complete ELM suppression for periods of up to 1.2 s, ascribed to modification of the edge stability [19] . There is a minimum amount of lithium required for complete ELM suppression.For lithium evaporation below this minimum amount, ELMs are still observed. Thus, to access ELMy regimes and to insure discharge reproducibility, low levels of Li coating (< 100 mg) are typically applied to the bottom divertor between discharges in this set of experiments.
In this work, we first show evolution of the pedestal parameters (e.g., height, width, gradient) during an ELM cycle as a function of plasma current I p at constant plasma shaping with toroidal magnetic field B ϕ varying within 10%. Then we show the total pedestal pressure scales with I cycle.
The remainder of this paper is organized into four sections. Section 2 describes the experimental details and the profile analysis techniques needed to systematically obtain the pedestal structure scaling results. Evolution of the pedestal parameters during an ELM cycle and scalings with global parameters are discussed in Section 3. Analysis of Fluctuations during an ELM cycle is presented in section 4. Finally, section 5 presents a summary.
Experimental Description and Profile Analysis Technique
Experiments were carried out on the NSTX, a medium-sized low aspect-ratio spherical ∼ is the radial distance between the two X-points mapped to the outer midplane), and the bottom triangularity δ bot ∼ 0.6. The upper triangularity was typically kept at 0.4 and the elongation κ was kept between 2.3 and 2.4. Figure 1 shows the NBI power, I p , total stored energy (W mhd ), and divertor O-II (proxy for the D α ) signals of the discharges examined in this paper. The shape parameters (e.g., δ, κ) were held constant and the magnetic field was varied from 0.5 T to 0.55 T.
To target ELMy discharges for studies reported here, a total of 50 mg of lithium was deposited on the bottom divertor plates between discharges. The key diagnostics utilized to characterize the pedestal parameters are the mid-plane Thomson scattering system for n e and T e sampled at 60 Hz [23] , the C 6+ charge-exchange recombination spectroscopy [24] for providing the carbon density and ion temperature T i with a 10 ms time resolution, and the divertor O − II and the D α filter scopes for identifying ELMs. In this work, we use the divertor O − II signal instead of the D α .
In this work, analysis of the evolution of the pedestal structure during an ELM cycle is presented. We characterize the evolution of the radial profiles between ELMs An example of this correlated sampling for the n e profile is shown in figure 2 (b) where the dashed line represents the best fit using a modified hyperbolic tangent function that parametrizes the pedestal height and width [25] . This widely used analytic function fits the steep gradient region in the pedestal, reduces sensitivity to noise in individual data points, and provides a systematic way to represent pedestal structure [26] . The electron profiles (n e and T e ) are fitted using a modified hyperbolic tangent defined as:
where α and α 0 represent the pedestal height and the offset (shown in the inset of figure 2), respectively. ζ = 2(ψ sym n − ψ n )/∆, ψ sym n and ∆ represent the symmetry point and the width, respectively. The ion profiles exhibit less of steep gradients than the electron profiles and hence cannot be fitted using the modified tanh function. They are adequately fitted using cubic splines.
The profile fits are performed around sliding temporal windows of 20% width to capture details of the inter-ELM dynamics. For example, we represent a window between 30% and 50 % of an ELM cycle by its midpoint, which in this case is 40%.
With this defined proxy, n e or T e prior to and after an ELM crash are identified as 90%
and 30% of an ELM cycle, respectively. On average three profiles are used to constrain each sliding window. Figure 3 shows examples of profiles for ions and electrons with associate fits (from ψ n =0.7), where the electron pedestal density, temperature, and subsequently pressure are higher prior to the onset of ELMs than just after, which clearly indicates an increase of the total pressure prior to the onset of an ELM. In Dynamical Evolution of Pedestal Parameters in NSTX 8 addition, we observe an inward shift of the top of the pedestal hinting at an increase of the pedestal width. For the remainder of the text, the pedestal parameters refer to those of the total pressure derived using a composite of n e , T e , n i , T i profiles.
This composite is subsequently fit using the modified tanh function given in the above equation. The resulting fit yields an estimate of the pedestal width (∆) from which a gradient (α/∆) can be determined. The error in the fit in combination with an estimate of the scatter around the fit yields estimates on the error of the pedestal parameters. and in range of 4% to 5% for T e and P e .
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3. Pedestal structure evolution during an ELM cycle and scaling studies
Based on linear ideal MHD stability theory, it has been suggested that ELMs are associated with both ballooning [27] and kink or peeling modes [28, 29] , or of their coupling referred to as peeling-ballooning modes [30, 8] . The latter mode taps its free energy from both the pressure gradient and the current density [8] . NSTX ELMy discharges, however, have been shown to be kink/peeling unstable [21, 20, 22] . ELMs are thought to be triggered at a critical pedestal pressure gradient or edge current gradient. In this section, we show results of measurements of the pedestal structure on NSTX for various I p during an ELM cycle. late in the ELM cycle of the pedestal height in contrast to the high current case where the pedestal height increases until the onset of the ELM. In addition, figure 4 shows a factor of three increase in pedestal height during the ELM cycle for the high plasma current case: this is similar to DIIID where a factor of four increase of the inter-ELM pedestal pressure was observed [33] . The saturation late in the ELM cycle contrasts observations in DIIID [33] where the electron pedestal pressure saturates in the early phase, e.g., 20% -50% of the ELM cycle. There is an increase of the maximum pressure gradient with I p . Furthermore, we observe that maximum pressure gradient remains constant within error bars during the ELM cycle. This lack of variation in the maximum pressure gradient is consistent with recent observations in both AUG [36] and DIIID [33, 7] , where the maximum pressure gradient initially increases and is limited at an early phase of the ELM cycle.
In our case, the increase of the pressure prior to its saturation [before the 20% of the ELM cycle] could not be resolved. Hence, in view of this saturation prior to the ELM crash, the pressure gradient appears to play a weak role in the triggering of an ELM. In the framework the peeling-ballooning physics, it is conceivable that the edge current could play a role just prior to the ELM crash.
Thus, we have shown that the pedestal maximum is a limit and can hypothesize the critical gradient is recovered very soon after the ELM crash leaving the pedestal height and width, and the edge current as key players in the onset of the ELMs.
Observations of the pedestal height evolution for various plasma currents are consistent with observations made in high R/a tokamaks such as DIIID [37] , and provide additional opportunities for extending predictive pedestal structure models to ST.
Pedestal width scaling with plasma current, magnetic field, and poloidal β:
Correlations between the pedestal width and β ped θ have been observed on many tokamaks (e.g., JT60U [4] , MAST [14] , and see ref. [38] for DIIID and C-MOD).
Independent correlations, however, between the width and ρ * and width and β ped θ have been difficult to assess. In JT60U, to separate the dependence between ρ * and β θ , experiments in hydrogen and deuterium were carried out keeping β θ and ν * fixed in type I ELMy discharges. It was found that the pedestal width dependence on ρ * is weak and that the ion temperature pedestal width was found to scale with
[13] and similar results on the pedestal width (i.e., (∆ T e + ∆ N e )/2) in DIIID [10] showed a weaker dependence in ρ * but scaling with β ped θ . The DIIID pedestal width scaling was observed to be in agreement with the EPED predictive model (the reader is referred to Snyder and coworkers [39] In NSTX, we observe no systematic trends between the pedestal width and ρ * (evaluated at the electron pedestal temperature), which is not inconsistent with the KBM arguments. On the other hand, figure 6 shows a clear dependence of the pedestal width prior to the type I ELM onset (e.g., the last 20% of an ELM cycle) of type I ELM on β Note that EPED was initially developed for large aspect-ratio tokamaks. Test of a version of EPED supporting low aspect-ratio tokamaks will be the subject of future work.
To further characterize the pedestal, we examine the total pedestal pressure dependence with global parameters such as I p . We compile the total pedestal pressure during the last 20% of an ELM cycle. Figure 7 shows a near quadratic (within error bars) increase of the pedestal height prior to the ELM onset (e.g., 90% ELM cycle) with I p . Note that the toroidal field was 10% higher for I p = 900 kA and 1.1 MA than that of
Initial test of the effects of B ϕ on this scaling showed limited effects on the pedestal height. The test was performed over a small range of B ϕ with ELMy discharges and a larger range of ELM-Free discharges, where no discernible effects on the pedestal height could be found. A more stringent test will be performed using a much larger set of ELMy discharges to be obtained over a wider range of B ϕ in future experimental campaign.
The above scaling studies show that I p has a dominant effect in determining the pedestal height compared to B ϕ . Similar scaling consistent with I observed in CMOD [40] on the "Enhanced D α " H-mode datasets. DIIID, however, has reported a linear scaling of the electron pedestal height with I p (see fig.3(c) in Ref. [37] ), which can arguably change once the ion pedestal height is included.
The I 2 p dependence of the pedestal pressure has been suggested by Lingertat and coworkers [41] as a manifestation of the ballooning instability. While such scaling is expected in JET [42] discharges, recent NSTX stability analysis using ELITE [43, 44] have shown that ELMy discharges are at the kink/peeling boundary [21] . Similarly, on CMOD, stability analyses have demonstrated operation above the ballooning stability limit, even though the pedestal scaling with I 2≤α≤2.6 p was also observed.
The discrepancy between stability analysis and observed scaling as a manifestation of ballooning instability points to the existence of other mechanisms (e.g., transport) playing a role.
Density fluctuations analysis during an ELM cycle
The characterization of the evolution of the density fluctuations during an ELM cycle is motivated by recent hypothesis where it was proposed that the onset of a KBM near a critical value of the pressure gradient sets the pedestal width [39] . This ballooning type mode is predicted to have its real frequency near ω * pi ∼ 30 kHz [45] assuming k θ ρ i in the vicinity of 0.3, and with ω * pi = 0.5k
Here, L ni is the ion density gradient scale length, v thi is the ion thermal velocity, and η i the ratio of density to temperature scale lengths. Recent gyrokinetic simulations of a representative NSTX high-beta discharge have shown the transition between distinct ITG and KBM modes to an hybrid ITG/KBM mode at large pressure gradient [46] and at r/a = 0.7 further motivating the need to identify the KBM experimentally. KBMs are hypothesized to set the pedestal gradient, which in turn constrains both the pedestal width and height.
To qualitatively test this hypothesis, we investigate correlations between the pedestal structure evolution and density fluctuations.
The density fluctuations at various stages of an ELM cycle are obtained using the 16-channel reflectometer probing the edge plasma [47] . From the complex signal (inphase and quadrature), one obtains the phase fluctuations which can in principle be related to local density fluctuations (see Ref. [48] for a review). We then conditionally sample, based on the ELM cycle, the deduced phase signal for each channels. The To estimate the local density fluctuations based on the phase fluctuations, we assume a 1D geometric optics approximation [48] where k r L n 1, which is a reasonable assumption for the edge of the tokamak. Given this assumption, the phase fluctuation δϕ corresponds approximately to ∼ 2k 0 L n δn e /n e as described in Ref. [48] .
Here L n is the density scale length computed from density profiles in figure 8(d-f) , and k 0 the vacuum wavenumber at the cutoff densities. Figures 8(a-c) show contour plots of the cross-power spectra of the density fluctuations during the early-, mid-, and late-phases of the ELM cycle. Most of cross-power spectra are localized toward the region of strong density gradients. Furthermore, the fluctuations, estimated using the phase fluctuations, increase at the very edge of the plasma away from the peak density gradients (see figure 9 ). Due the lack of reflectometer measurements in the SOL, it remains unclear if this increase of the fluctuations away from the peak density gradient can be ascribed to edge transport barrier phenomenon or if the increased levels of fluctuations continue into the SOL. Note a slight radial shift between the peak density gradient and the maximum density fluctuations, which we attribute to misalignment due to the equilibrium reconstructions. 
Summary
In this work, we provide detailed analysis of the dynamical evolution of the pedestal parameters in NSTX NBI heated discharges with type I ELMs. Analyses of scans in I p and B ϕ at constant shape during ELM cycle have been performed. We have shown that the pedestal height and width increase during ELM cycles qualitatively consistent with the peeling ballooning theory. The maximum gradient of the total pressure remains constant throughout the ELM cycle once a nominal gradient (∇p crit ) is recovered immediately after the ELM crash. The saturation at ∇p crit early in the ELM cycle clearly indicates that the pressure gradient is unlikely a key player in triggering ELMs. Coupled with the saturated gradient is an increase of the pedestal width, which is known to be destabilizing. Assuming the peeling ballooning theory as working model for the ELM triggering both the width expansion and edge current gradient are candidates for the triggering of the ELMs.
The pedestal height was found to scale with I 2 p similar to CMOD observations [40] . Such I 2 p dependence appears to be a manifestation of the ballooning instability [41] , which would suggest that the pedestal height scaling can be ascribed to the ballooning stability. In addition, the I is consistent with the barrier expansion phenomenology and shows that in ST this expansion is more pronounced than higher aspect ratio tokamaks such as DIIID.
The characterization of the pedestal parameters during an ELM cycle provide a good description of the NSTX ELMy regimes over a wide range of plasma current and will be used for future tests of predictive pedestal models, such as EPED.
We examined the density fluctuations measured at the plasma edge during multiple ELM cycles using a 16-channel reflectometer. We observe large coherent fluctuations (near 12 kHz) increasing at the very edge of the plasma and away from the maximum density gradient. The coherent fluctuation decreases during prior to the onset of the ELM cycle and is not observed in Mirnov spectrograms (suggesting that
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the coherent peak might be electrostatic). In summary, the behavior of the density fluctuations suggests that they are less likely to play a role in constraining the profile gradients inside the edge barrier as the pedestal builds up.
The above experimental studies of the dynamic of pedestal parameters over a wide engineering parameters space provide predictions on the performance of NSTX U. For instance scaling of the height and increase of the width with I p will yield a factor 2.7
increase of the total pedestal pressure for NSTX U as well as a significant rise in the pedestal width, which will be manifested in higher pedestal stored energy. In addition to the predictive capability of next generation ST, results from these studies will be used for testing the pedestal structure predictive models which will be the subject of future articles.
